The alpha-track detector was well designed for long-term radon measurements in the 1992 Winnipeg case-control study. However, its diffusion characteristic for thoron in comparison to radon was yet unknown. An investigation on radon and thoron response of these detectors was undertaken. The results showed that the relative sensitivity between thoron and radon is 2 %, i.e. the detector sensitivity to radon is about 50 times higher than the sensitivity to thoron. It can be concluded that there was no significant influence of thoron on the radon measurements with these detectors.
INTRODUCTION

Radon (
222 Rn) is a naturally occurring radioactive gas generated by the decay of uranium-bearing minerals in rocks and soils. Radon and its decay products are the major contributors to human exposure from natural radiation sources (1) . Thoron ( 220 Rn) is also an inert radioactive gas but arising in the decay chain of naturally occurring thorium. Thorium is a common element in the earth's crust and therefore, just as for radon, thoron is ubiquitous and is found in varying levels everywhere in the air. Radon and thoron have been identified as the second leading cause of lung cancer after tobacco smoking (2) . In recent years, exposure to thoron and its possible health effects have gained increasing attention among health physicists. It was noted that, due to the presence of thoron, some detectors designed for radon measurements could be contaminated with thoron. For those detectors, the apparent radon results could be higher than the true radon levels (3 -6) . In a recent radon survey in Winnipeg (7) , radon/ thoron discrimination detectors were used. It confirmed that thoron was present in about half of the homes surveyed. Since the Winnipeg case-control study (8) is one of the seven residential radon studies in Northern America (9) and contributes to the worldwide radon risk assessment, it is of great interest to know whether the detectors used in the Winnipeg study experience any problem with the presence of thoron. An investigation was therefore conducted, and the results are reported here.
DETECTOR DESIGN
The alpha-track detector (ATD) was designed in 1986 by McGregor and Walker (10) . CR-39 (the polyallyl diglycol carbonate foil, produced by American Acrylics and Plastics Inc.) was chosen as detector material with a density of 1.24 g cm 23 and a thickness of 610 mm. The sheet of CR-39 was laser cut into 20 Â 20 mm pieces. When the CR-39 pieces are directly exposed in a radon chamber, the response was not only to radon in the chamber but also to radon progeny plating out on the detector material. For field use it is desirable that the detector only measures a response due to the environmental level of radon. This can be achieved by placing the ATD in a diffusion chamber permeable to radon but not to radon progeny in the environment. Four different diffusion chambers (commercially available plastic pill bottles made of polystyrene) were tested at various radon concentrations. The response of all four vials to radon was similar within experimental error. The vial chosen to be the holder of the ATDs was a 6-dram pill bottle with an inner volume of 24 cm 3 and a wall thickness of 1 mm, as shown in Figure 1 . A study of the diffusion of radon into the vial was conducted with a special scintillation cell inside the selected pill bottle. The cell was constructed by coating the inside of the vial with ZnS(Ag), replacing the bottom with a clear plastic and mounting the cell on an adaptor to fit the photo-multiplier tube. It was found that radon diffused quickly into the vial with the equilibrium count rate reached within 2-3 h. It was concluded from these diffusion studies that the original lid supplied with the vial was sufficient without modification to allow radon to adequately diffuse into the vial. As described in the publication of the Winnipeg case -control study (8) , the original ATD consists of a plastic container fitted with a polyethylene-lined cap. The polyallyl diglycol carbonate foil (20 by 20 mm) slides inside and is held in a vertical position. The container allows the passage of radon gas but not radon daughter products. The alpha-track dosemeters were left in selected homes for 6 months. Two 6-month integrated measurements yielded a combined measure of radon exposure in the homes over a 1-y period.
The detector used in the Winnipeg case -control study was well designed for long-term radon measurements. However, its diffusion characteristic for thoron in comparison to radon was yet unknown.
METHODS
Two original 6-dram pill bottles were used in this study. CR-39 detectors of the same size as in the Winnipeg case -control study (20 Â 20 mm) were placed vertically inside the vials, the same way as in 1992. The inner diameter of the vials is 22 mm, slightly larger than 20 mm, so that the CR-39 detector can be vertically centred in the vial as shown in Figure 1 . The detectors were deployed in the chambers at the National Institute of Radiological Sciences (NIRS), and exposed simultaneously for various durations. After exposure, the CR-39 detectors were etched with the 6.25 M NaOH solution at 908C over 6 h (6) , and subsequently counted for alpha tracks.
Two chambers were used in this study: a radon chamber (about 25-m 3 inner volume, Figure 2a ) (11, 12) and a thoron chamber (150-l inner volume, Figure 2b) (13, 14) . Radon concentrations in the radon chamber were continuously monitored every 10 min with an AlphaGUARD (Genitron GmbH, Germany) ionisation chamber. In the radon chamber, radon concentrations could be maintained at either 0.1 or 9 kBq m 23 while the temperature and relative humidity were 218C and 58 %, respectively. For this study, the lower exposure condition was chosen and the radon chamber was maintained at 0.1 kBq m 23 . In the thoron chamber, the thoron concentration was measured hourly with a RAD7 (Durridge Co. Inc., USA). For quality assurance purposes (15) , in addition to the continuous thoron measurement, intermittent measurements by grab sampling were also performed during the exposure test with the use of a Lucas cell (Model 300A) and a portable radiation monitor AB-5 (Pylon Electronics Inc., Canada). The concentration in the thoron chamber was 20 kBq m 23 . In order to maintain this stable thoron concentration, temperature and relative humidity of the thoron chamber were set at 318C and 41 %, respectively.
RESULTS AND DISCUSSIONS
Detector responses to radon and thoron are summarised in Figure 3 . The track density values increased linearly with the time-integrated concentrations for radon, and the same was true for thoron. However, the track density values for thoron were comparable to or smaller than the limit of quantification defined by 10s where s is the background standard deviation estimated to be 0.30 tracks mm 21 (n ¼ 13). From the slopes of the linear regressions for radon and thoron as shown in Figure 3 , one can see that the detector sensitivity to thoron is about 50 (0.0121/0.000237 ¼ 50) times smaller than its sensitivity to radon. As mentioned above, the original ATDs were designed to allow the passage of radon gas but not radon progeny. The plastic vial (6-dram pill bottle) with the supplied lid functions as a diffusion chamber well permeable to radon but not to radon progeny. This feature has apparently made the detector almost impermeable to thoron as well.
In a field deployment, the observed concentration (C ob ) with a passive radon detector can be expressed as:
where C Rn and C Tn are the mean concentrations of radon and thoron for the exposure period, respectively. S Tn/Rn is the relative sensitivity determined by the ratio of the two slopes of the response lines for thoron and radon as shown in Figure 3 . The value of S Tn/Rn was estimated to be 0.020 (0.000237/ 0.0121) for the detectors investigated here. To better view the effect of the potential thoron contamination, both sides of Eq. (1) were divided by the true radon concentration C Rn :
The relative observed radon concentration, C r.o , is the apparent radon concentration relative to the true radon concentration. Based on the Eq. (2) and S Tn/Rn ¼ 0.020, the relative apparent radon concentration is plotted in Figure 4 as a function of the ratio of thoron concentration to radon concentration. It was noted that the accuracy of the radon dosimetry in the Winnipeg case -control study was estimated to be +25 % (8) . If a deviation of +25 % to the true value were acceptable in radon measurements (as indicated within the two dotted lines in Figure 4) , thoron interference becomes a problem only when thoron concentration is more than 12.5 times higher than radon concentration.
In a recent radon and thoron survey conducted in Winnipeg (7) , In that study (7) , the ratio of thoron to radon concentrations showed a variation from 0.022 to 5.6 with an arithmetic mean of 0.40 and a median of 0.25. One can conclude from Figure 4 that the potential contamination of thoron in the Winnipeg homes is within the radon dosimetry error range of +25 %.
CONCLUSION
Previous laboratory test showed that radon diffused quickly into the vial with the equilibrium count rate reached within 2-3 h. This inferred, at least qualitatively, that thoron could not significantly affect radon measurements. The current study is designed to quantitatively investigate the influence of thoron on the radon detection response of the detectors used in a previous case-control study in Winnipeg. Experimental results showed that the detector sensitivity to radon is 50 times higher than its sensitivity to thoron. Unless in the environment of extremely high thoron concentrations, the presence of thoron does not likely interfere with the radon detectors. Since thoron concentrations are generally much lower than radon levels in the Winnipeg homes, it can be concluded that there was no thoron contamination in the radon dosimetry during the Winnipeg case -control lung cancer study.
